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Abstract
Background: Phenotypic plasticity operates across generations, when the parental environment affects
phenotypic expression in the offspring. Recent studies in invertebrates have reported transgenerational plasticity
in phenotypic responses of offspring when the mothers had been previously exposed to either live or heat-killed
pathogens. Understanding whether this plasticity is adaptive requires a factorial design in which both mothers
and their offspring are subjected to either the pathogen challenge or a control, in experimentally matched and
mismatched combinations. Most prior studies exploring the capacity for pathogen-mediated transgenerational
plasticity have, however, failed to adopt such a design. Furthermore, it is currently poorly understood whether
the magnitude or direction of pathogen-mediated transgenerational responses will be sensitive to environmental
heterogeneity. Here, we explored the transgenerational consequences of a dual pathogen and stress challenge
administered in the maternal generation in the fruit fly, Drosophila melanogaster. Prospective mothers were
assigned to a non-infectious pathogen treatment consisting of an injection with heat-killed bacteria or a
procedural control, and a stress treatment consisting of sleep deprivation or control. Their daughters and sons
were similarly assigned to the same pathogen treatment, prior to measurement of their reproductive success.
Results: We observed transgenerational interactions involving pathogen treatments of mothers and their
offspring, on the reproductive success of daughters but not sons. These interactions were unaffected by sleep
deprivation.
Conclusions: The direction of the transgenerational effects was not consistent with that predicted under a
scenario of adaptive transgenerational plasticity. Instead, they were indicative of expectations based on terminal
investment.
Keywords: Anticipatory effects, Maternal effects, Maternal stress, Parental effects, Phenotypic plasticity,
Transgenerational effects, Transgenerational plasticity
Background
Maternal effects occur when the maternal phenotype,
or the environment in which the mother resides, shapes
the expression of the offspring phenotype [1–3]. Hence,
maternal effects can be traced to a diverse range of
factors, from variation in maternal behavior to physi-
ology, and can result in the differential transfer of
nutrients, hormones, antibodies or epigenetic markers
to offspring [1, 4–6].
Because of classic parent-offspring conflict over
resources, maternal effects can have a negative influence
on offspring fitness [3]. However, maternal effects can
also be adaptive if they act to directly augment offspring
fitness [1, 3, 7]. Such ‘positive’ maternal effects provide
examples of adaptive transgenerational plasticity, some-
times referred to as ‘anticipatory maternal effects’ [1, 3, 8].
In particular, maternal effects are adaptive when an envir-
onmental challenge experienced by a mother prior to
reproduction confers a relative increase in fitness to her
subsequent offspring when they are themselves faced with
a similar environmental challenge to that previously faced
by their mother [3, 8]. As such, conclusive evidence for
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adaptive transgenerational plasticity can only be provided
by studies that not only experimentally manipulate paren-
tal environments pre-reproduction, but also subsequently
manipulate environments of the offspring, thereby either
matching or mis-matching maternal and offspring envir-
onmental conditions [3, 8]. Such designs have successfully
been adopted in a range of taxa; a classic example includes
a study of seed beetles (Stator limbatus), in which eggs
that were deposited in the same environment as that expe-
rienced by the mother had greater survival than eggs that
were deposited in a novel environment [9]. Likewise, in a
study of toxicant-resistance in bryozoans (Bugula neri-
tina), offspring that were exposed to the same pollutant as
their mothers had higher survival than offspring that were
not [10], and a study of American bellflowers (Campanu-
lastrum americanum), showed that offspring had higher
fitness when their light environment was matched to that
experienced by their mothers [11]. However, there are also
a range of studies that have failed to find evidence for
adaptive transgenerational plasticity [3, 12–14], and in-
deed, a recent meta-analysis concluded that there was
only weak evidence for adaptive transgenerational plasti-
city across natural populations of plants and animals [8].
Numerous studies conducted in invertebrates have
shown that pathogen challenges administered to females
prior to reproduction can influence phenotypic expression
in their offspring. In several cases, application of a mater-
nal pathogen challenge has been associated with increased
robustness of the offspring phenotype, including increased
survival [15–17], reproductive success [18, 19] or aug-
mented immune responses e.g. [15, 16, 20–22]. Because
such effects have been shown to augment proxies of off-
spring fitness, it has been commonly inferred that they
provide an adaptive benefit to offspring. Furthermore, be-
cause several studies have shown that such maternal
pathogen challenges can affect the expression of offspring
immune components (e.g. offspring phenoloxidase [PO]
or antimicrobial activity), researchers have commonly
concluded that such findings represent cases of ‘transge-
nerational immune priming’, and such priming effects
have been suggested to be functionally similar to the
transfer of acquired immunity in vertebrates (e.g. the ac-
tual transfer of antibodies) [4, 18, 23].
Yet, most of the studies exploring pathogen-mediated
transgenerational effects in invertebrates suffer from two
limitations. First, while there is evidence that mothers
can enhance offspring immune function, there is no evi-
dence that mothers transmit actual immune factors [24]
in a manner similar to that of vertebrate adaptive im-
mune priming (e.g. antibody transfer) [4, 5, 25]. Hence,
any analogues between invertebrate ‘immune priming’
and the vertebrate adaptive immune system are conten-
tious and in need of further research to specifically
address the underlying mechanisms. This is because
pathogen-induced transgenerational effects on immune
expression could simply be a result of general condition-
dependence, or be mediated by epigenetic changes to
the DNA [1, 4, 24, 26–28]. Alternatively, maternally in-
duced offspring immune augmentation may be caused
by mothers transferring the pathogen per se (or parts
thereof ), hence triggering the offspring’s own immune
system, as suggested in some recent studies that have
demonstrated maternal transfer of bacterial fragments
to eggs [24, 29].
However, the lack of precise mechanistic explanations
is a relatively minor problem from an evolutionary
standpoint. Of broader significance is the second limita-
tion, which relates to the experimental design; most
prior studies have failed to implement designs with the
experimental power to detect whether transgenerational
patterns were adaptive. It is for this exact reason that a
recent meta-analysis surveying the evidence and effect
sizes associated with adaptive trans-generational immun-
ity, chose not to incorporate studies examining transge-
nerational consequences of pathogen-mediated challenges
as part of their base of evidence [8]. We elaborate below.
The adaptive value of transgenerational immune
effects, to both mother and offspring, will inevitably de-
pend on the benefits that such effects bring to offspring
produced by pathogen-exposed mothers relative to the
costs imposed on the mother from investing in offspring
immune-protection − a cost-benefit equation that could,
for example, be heavily shaped by maternal condition-
dependence if pathogen-challenged mothers are in
poorer condition [30]. A prediction based on life history
theory is that offspring of pathogen-treated mothers
would exhibit higher relative fitness if they themselves
are exposed to the same pathogen in their lifetime, but
lower relative fitness otherwise (due to the costs associ-
ated with the pathogen challenge in the maternal gener-
ation). That is, from a life-history perspective, assessing
the benefits of a maternal pathogen challenge across
matched and mis-matched contexts is key to interpret-
ation. Yet, only a handful of previous invertebrate stud-
ies have utilized experimental and analytical approaches
that can fully dissect the adaptive nature of pathogen-
mediated transgenerational plasticity on offspring fitness
[15, 16, 18, 19, 31, 32], by harnessing factorial designs in
which maternal and offspring immune environments are
in fact matched or mis-matched [3, 8].
Furthermore, while it is well established that the mag-
nitude and direction of maternal effects can be substan-
tially altered depending on internal (e.g. maternal age,
size) or external (e.g. environmental condition, diet) en-
vironment, e.g. [10, 33, 34], studies addressing such
context-dependence in relation to pathogen-mediated
maternal effects are limited, and most research comes
from subjects that are assayed under benign and largely
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stress-free laboratory environments [35–37]. It thus
remains unclear whether cases of adaptive pathogen-
mediated transgenerational plasticity will be upheld
when mothers are faced with multifaceted stresses
similar to those likely to be experienced under natural
conditions [35, 37].
Here, we set out to test whether interactions between
a pathogen-challenge combined with a stress challenge
in the maternal generation interact with a pathogen
challenge in the offspring generation, to shape offspring
reproductive success in fruit flies (Drosophila melanoga-
ster). The pathogen challenge was a non-infectious chal-
lenge, in that the bacteria used (Escherichia coli mixed
with Micrococcus luteus) had been heat-killed prior to
use, thus activating maternal immune genes but without
causing direct pathogenesis [19, 38]. We limited our
assay to measurement of one key life-history trait in the
offspring ─ reproductive success. This is a trait that has
previously been shown to be sensitive to a similar heat-
killed pathogen challenge in this species [19, 39]. We
used sleep deprivation as a measure of maternal stress,
because it is well-studied in Drosophila. Variation in
sleep has been shown to interact with a number of
physiological and behavioural traits in Drosophila, such
immune function, metabolism, learning and memory
function [40–48]. Moreover, sleep patterns are known to
influence the expression of a number of immune-related
genes [41, 44, 49, 50]. Of key interest to our study is
prior evidence suggesting that flies experiencing sleep
deprivation exhibit greater resistance to bacterial infec-
tion relative to controls [41, 51], suggesting that sleep-
stress might play an important, but hitherto unexplored
role in augmenting the strength of pathogen-mediated
adaptive transgenerational effects.
The experiment was designed to test two main predic-
tions. The first prediction was that interactions between
maternal and offspring pathogen challenges on offspring
reproductive success would conform to a pattern ex-
pected under adaptive transgenerational plasticity, with
matched combinations of maternal and offspring patho-
gen exposure outperforming mis-matched combinations
(i.e. pathogen-challenged offspring would perform better
if their mothers had also been pathogen-challenged).
The second prediction revolved around whether maternal
sleep deprivation prior to reproduction would act to aug-
ment signatures of pathogen-mediated adaptive transge-
nerational effects or not, in female and male offspring.
Methods
Fly population
The flies used in this study originated from a natural
population collected from three different localities in Coffs
Harbour (New South Wales, Australia), in February 2010
[52]. Each of a total of 60 wild-caught, non-virgin females,
contributed 10 sons and 10 daughters to form a mass-
bred laboratory population, which was then maintained in
pairs of 20 adults across twelve 10-dram vials, under stan-
dardized rearing conditions of 12 L: 12 D cycle, 25 °C,
6 ml of potato-dextrose-agar-yeast substrate and ad libi-
tum access to live yeast per vial. The population was prop-
agated using flies that were allowed a 20 h period to
oviposit when 4 days of adult age. The eggs of each
vial were then trimmed to between 80 and 100 per
vial. Upon their eclosion into adulthood, offspring
were admixed with offspring from all other vials prior
to their separation and transfer into 12 new vials,
each comprised of 20 pairs of adults.
At the onset of the experiment, the laboratory popula-
tion had been maintained under these conditions in the
laboratory for four years (~100 generations of evolution).
Thus, the population effectively represents a “laboratory
island population”, in which the laboratory environment
(and specifically the rearing protocol outlined above)
now represents the natural environment in which the
population has evolved, and in which most quantitative
traits would have had ample time to reach their new
evolutionary optima [53]. Admittedly, this laboratory
population is much simpler than a natural population,
and lacks the multifaceted stresses that natural popula-
tions will face. But, it serves as an excellent platform on
which to add and assess the effects of multiple stresses,
enabling us to assess the transgenerational consequences
of dual sleep and pathogen challenges, in the context of
the environment in which this population has actually
adapted over tens of generations. Recent work on this
laboratory population has confirmed abundant levels of
quantitative genetic variance for life history trait expres-
sion, and strong signatures of transgenerational inherit-
ance mediated by sexual conflict [52, 54, 55].
Prior to the experiment in June 2014, a replicate copy
of this population was collected, and the population size
expanded to 60 vials per generation, maintained using
the same protocols and conditions as described above.
Experimental details
Pathogen treatment
To manipulate maternal and offspring perception of the
local pathogenic environment, we challenged flies with a
mix of heat-inactivated bacteria composed of the Gram-
positiveMicrococcus luteus and the Gram-negative Escher-
ichia coli. There are two main benefits of challenging flies
with heat-killed bacteria. Firstly, it allows us to detect the
effects a primary immune challenge, whilst excluding the
confounding negative effects associated with invading,
replicating pathogens [20, 56]. Secondly, and crucially, it
ensures that transgenerational effects on offspring fitness
are not simply artefacts of the transmission of a live bac-
terial infection from mother to offspring [24]. Moreover,
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the rationale behind administering a mix of Gram-positive
and Gram-negative bacteria was grounded in the fact that
they activate different immune pathways; Gram-positive
bacteria primarily stimulate the Toll pathway, and
Gram-negative bacteria primarily stimulate the Imd
pathway [38, 57]. Both these pathways are used in the
defense against bacteria and fungi, by regulating the
production of antimicrobial peptides (AMPs). By trig-
gering both pathways, we speculate that the perceived
immune insult may be enhanced, which might possibly
generate a stronger response (by additive effects, or by
interactive crosstalk) and cause a longer lasting cost in
the flies [38, 57, 58].
Virgin females (N = 210) were collected from the ex-
perimental population, and transferred to vials of 9–14
individuals per vial (x̄ = 11.40 ± SE 0.18), with ad libitum
access to live yeast provided on the surface of the
potato-dextrose-agar-yeast substrate. At three days of
adult age, these females were assigned to a maternal
pathogen treatment, which consisted of two levels: an
injection of heat-killed bacteria or a procedural control
(using the nano-injector “Nanoject”, Drummond Scien-
tific Company, Broomall, PA, USA). Half of the females
were assigned to the control, and received a microinjec-
tion of 41.1 nl of phosphate-buffered saline (PBS, Sigma
Aldrich table P4417, pH 7.4) into their abdomens. The
other half received the pathogen treatment, which con-
sisted of a cocktail of equal volume of a Gram-positive
bacteria (M. luteus strain, A204, OD600 = 0.1, corre-
sponding to ~ 1.1 x 106 CFU per fly) and a Gram-negative
bacteria (E. coli, strain K12, OD600 = 1.0, corresponding
to ~ 27.5 x 106 CFU per fly), both provided as heat-killed
(verified by colony growth test, supplied by Micromon,
Monash University, Australia), and diluted in PBS.
While Drosophila may encounter both E. coli and M.
luteus in the wild [59], it is unclear to what extent these
bacterial species may influence Drosophila fitness. In
fact, little is still known about which species of bacteria
that D. melanogaster are most likely to come across in
their natural environment, and one of the few studies to
address host-pathogen associations in wild populations
have found it to be both diverse and varied across popu-
lations (looking at D. melanogaster from the East-coast
in the USA) [60]. In contrast, another study exploring
the pathogenic species composition across Drosophila
populations and species throughout the world, found
that it was made up of four predominant bacterial fam-
ilies. However, similar to the study by Corby-Harris and
Promislow (2008), the sampling distribution in this study
was also limited, and while sampling 14 wild Drosophila
species and two closely related species, only three were
in fact D. melanogaster populations – all of which, again,
were from the USA [59]. Thus, the host-pathogen con-
stellations across species and regions are still largely
unknown. Therefore, rather than exactly attempting to
mimic natural (bacterial) conditions, we chose to use
pathogen species which have proven effects on Drosoph-
ila immune function and fitness; both bacteria have been
shown to have the capacity to induce an immune
response in adult D. melanogaster (in their live or heat-
killed form) [38, 39, 57, 61], and both are capable of
influencing reproductive success [19, 39].
The concentration of E. coli and M. luteus used in the
pathogen treatment was based on previous work [19],
which had adopted a pilot experiment to test for the
effect of different bacterial concentrations on the repro-
ductive success of male and female flies (Additional file
1: Figure S1). Specifically, the final concentration used
per pathogen were chosen because they had the largest,
and most similar, effects on depressing reproductive
success of females.
Finally, the injected volumes were based on established
protocols, which has recently also been verified to be
within the optimal range for bacterial injections in Dros-
ophila [62]. Following the injection, flies were returned
to fresh vials, in the absence of live yeast.
Sleep deprivation treatment
During the night (starting midnight) following the injec-
tions (pathogen treatment vs. control), half of the fe-
males of each pathogen treatment level were subjected
to a sleep deprivation treatment, and the other half to a
control. Specifically, the vials of flies assigned to the
sleep deprivation were placed on a shaker (Biosan Multi
RS-60 rotator, Biosan Medical-Biological Research &
Technologies, Riga, Latvia), which was programmed to a
cycle starting with a set speed of 3 RPM for 4 min,
followed by a 12 s rotation at an angle between -60 and
+60°, and finishing with 1° vibrations lasting 1 s. This
cycle was repeated continuously for 8 h, at 25 °C in the
complete dark (until 8 am). The control females were
exposed to the same environment (25 °C, dark), but
were not placed on the shakers and hence were not de-
prived of sleep. The sleep deprivation protocol is based
on well-established methods for Drosophila, in which
sleep is defined as any bout of inactivity that lasts for
longer than five continuous minutes [63, 64]. The final
protocol adopted in our study was optimized via a pilot
study, which demonstrated that the treatment was suffi-
cient to induce sleep-deprivation (Additional file 1: Table
S1, Figure S2-3). Briefly, flies subjected to this treatment
compensated by sleeping more in the first four hours of
daylight, compared with flies subjected to the control
(Additional file 1: Table S1. Figure S2). Moreover, flies
compensated by sleeping for a substantially longer
period of time following the application of the sleep
deprivation treatment during night-time hours (i.e. when
flies would generally rest) compared to when the sleep-
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deprivation treatment was applied during daylight hours
(Additional file 1: Table S1, Figure S3). Furthermore, the
large difference in sleep compensation when the treat-
ment was applied during night-time relative to day-time
hours verifies that the response is not merely reflecting a
general response to mechanical stress (in which case the
flies should compensate equally much regardless of time
of day) [64]. Hence, taken together, the results from our
sleep treatment pilot study suggest that the sleep
deprivation protocol adopted in here was sufficient to
disrupt sleep patterns of the flies (more details in the
Additional file 1: “Supplementary methods”).
Production of focal offspring, offspring pathogen
treatments and reproductive assays
On the day following sleep-deprivation (24 h post-
injection), an equal number of four days old males from
the lab population were added to vials containing virgin
females of a sex ratio of 1:1. Flies were allowed to mate
for 4 h, after which females were transferred to individ-
ual vials for 22 h, to enable ovipositioning. These vials
were supplemented with exactly 5 μl of a live yeast
slurry (which consisted of 1.2 g yeast dissolved in 10 ml
purified water). At the completion of these 22 h, the
eggs of each vial were then carefully transferred into
fresh vials, containing 6 ml of food substrate, at a density
of approximately 25 eggs per vial (x̄ = 22.27 ± SE 0.19,
minimum 12 eggs), and females were discarded.
Nine days later, approximately 30 daughters (x̄ = 29 ±
SE 0.4) and 30 sons (x̄ = 34 ± SE 1.7) were collected as vir-
gins from each combination of maternal pathogen and
sleep deprivation treatments across each experimental
block and placed into three sex-specific vials (x̄ females =
3.3 ± SE 0.3, x̄ males = 3.3 ± SE 0.3) per experimental block.
Once these offspring had reached three days of adult age,
males and females were assigned to the same pathogen
treatment protocol (cocktail or control) as had been ap-
plied to the maternal generation, in all possible maternal
sleep × pathogen treatment combinations (Fig. 1). In total,
approximately 200 focal offspring per maternal sleep –
and pathogen treatment combination were injected and
then placed in individual, non-yeasted vials for recovery.
A four day old virgin fly of the opposite sex was added to
each of the vials of focal offspring for 4 h, to enable mat-
ing. Following mating, the male flies of each vial were dis-
carded (i.e. tester males in the female assay, and the focal
males in the male assay).
A previous study on this population has demon-
strated that reproductive output across the first 4 days
of ovipositing (starting at age four to five) is tightly
correlated with output across the first 10 days [19].
Thus, the females of each vial were retained and
allowed to oviposit for the next 96 h, with each fe-
male transferred to a new vial every 24 h. All eclosing
offspring of these females (the grand-offspring of the
treated mothers) were counted 13 days later. Focal fe-
male reproductive success was therefore the total
number of offspring produced across a 4-day oviposi-
tioning window following a 4 h mating opportunity.
Similarly, focal male reproductive success was the
total number of offspring produced per male, after a
4 h mating opportunity with a solitary tester female,
who was then provided with a 4-day ovipositioning
window.
Fig. 1 Experimental design. Mothers were first assigned to a pathogen treatment (pathogen-challenged or control) and then allocated to one of
two groups, that were either exposed to a night of sleep-deprivation or undisrupted sleep. Two daughters and two sons from of each of these
mothers were then exposed to the pathogen treatment (one of each to the challenge and one of each to the control), prior to an assay of their
reproductive performance
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The experiment was repeated over seven full blocks,
all of which included all possible treatment and sexes.
This generated a final sample of 798 focal male offspring
(i.e. the sons of the treated mothers) and 813 focal fe-
male offspring (i.e. the daughters), who were each
screened for their reproductive success. Note that the
initial sample size was larger (854 for females, 848 for
males), but was reduced due to mortality (N = 57) or
flies escaping (N = 36) throughout the experiment. We
also collected offspring mortality data post-injections,
for the 48 period immediately following offspring injec-
tions, and the 24 h period immediately following the
maternal injections. This data showed that mortality
24 h post-injection did not differ between the pathogen
treatment and the control treatment (Dead: NPBS = 31,
NBac = 36, Ntotal = 1031, χ
2 = 0.37, p = 0.54). Likewise,
there were no differences in offspring mortality in the
48 h period post-injection for flies subjected to the
pathogen challenge relative to the control (Dead females:
NPBS = 5, NBac = 0, total females including escapees = 854;
Dead males: NPBS = 15, NBac = 11, χ
2 = 0.62, p = 0.56, total
males including escapees = 848). There were also no dif-
ferences in post-injection mortality among the different
treatments in female offspring mortality when looking
across the entire four day period of ovipositing (i.e., over a
96 h period post-injections, Female deaths: NPBS = 12,
NBac = 14, χ
2 = 0.15, p = 0.85).
Statistical analysis
All data were analysed using mixed models in R v. 3.1.1
[65]. The response variable was offspring reproductive
success (i.e. number of grand-offspring to sleep-
treated × pathogen-treated mothers), and fixed factors
were maternal sleep treatment (deprived or control), ma-
ternal pathogen treatment (heat-killed bacteria mix or
control PBS), and offspring pathogen treatment (heat-
killed bacteria mix or control PBS). We also fitted ran-
dom effects that fully accounted for the structure of the
data, i.e. experimental block, vial identity, and maternal
identity. The reproductive success of male and female
offspring were analysed in separate models, because the
assayed trait was not directly comparable across sexes.
The female trait is a gauge of reproductive fecundity
over four days in early life following a 4 h mating op-
portunity. The male trait is a gauge of the ability of a
male to mate with a female over a 4 h mating win-
dow, and measures his subsequent fertility resulting
from that mating.
The models were overdispersed, and also zero-inflated
(as initially indicated by visual inspection of frequency
distribution). We confirmed zero-inflation by 1) compar-
ing all possible models in a fixed framework (i.e. block
entered as a factor), which allowed us to apply a Vuong’s
test [66] to model assessment, and 2) using a full mixed
model, then simulating 95 % confidence intervals (C.I.)
around the number of 0 values expected from a true
Poisson model corrected for overdispersion. Based on
the outcome of these tests, we applied a zero-inflated
model, fitted with a negative binomial distribution (to
relax the assumption of equal means and variance; NB1
fit, in which variance is calculated as Øμ). This was done
with the package glmmADMB [67], which utilises a
model that allows the zeros to be a mix of structural and
sampling data points [68]. In our case, some of the zeros
may have been generated because the females did not
mate, and others may have arisen from females that had
mated but that were infertile themselves, or that mated
with infertile males. Both models were type II, and fixed
effects were estimated using maximum likelihood.
All interactions up to second order were tested. The
effect of higher order interactions were assessed using
log-likelihood ratio tests, comparing model deviance be-
tween the full model and the reduced model initially,
and thereafter, between the progressively reduced models.
Hence, model reduction was conducted by removing the
least significant interactions (p > 0.05) one at a time in a
stepwise manner. We present the final model, in which all
non-significant interactions has been dropped (Table 1).
We also confirmed that the final reduced model had a
higher level of empirical support by comparing AIC values
between both the null and the full model (AIC difference
>2). Raw data has been deposited in Dryad [69].
Results
Reproductive success of the focal female offspring was
influenced by an interaction between the maternal and
offspring pathogen treatments (Table 1). Female off-
spring exhibited lower reproductive success when both
they, and their mothers, had been administered the con-
trol treatment, than when they had received the patho-
gen treatment but their mothers had received the
control (Fig. 2a). The maternal sleep deprivation treat-
ment had no effect on reproductive success of females
across generations (Table 1a).
In contrast, male offspring reproductive success was
not influenced by the maternal pathogen challenge, ma-
ternal sleep treatment, or by the offspring pathogen
challenge, nor by any of the interactions between these
factors (Table 1b, Fig. 2b).
Discussion
We screened for pathogen-mediated adaptive transge-
nerational plasticity in a population of D. melanogaster,
and investigated whether such effects were modified by
an additional maternal stress administered via sleep
deprivation. We found that transgenerational interac-
tions, tied to the maternal and offspring pathogen treat-
ments, influenced the reproductive success of female,
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but not male, offspring. The patterns observed, however,
were not consistent with those predicted under an adap-
tive scenario, whereby pathogen-challenged offspring
would be expected to benefit if their mothers had previ-
ously faced the same pathogen-challenge and therefore
would provide offspring with information on their future
(pathogenic) environment. While pathogen-challenged
daughters exhibited higher reproductive success than
their control counterparts, these patterns were only ap-
parent amongst daughters of control-treated mothers.
Thus, pathogen-challenged mothers did not confer any
detectable adaptive benefits to their offspring when it
came to the reproductive capacity of offspring following
an identical pathogen challenge. Rather, the pattern of
higher reproductive success amongst pathogen-challenged
daughters born to control-treated mothers is possibly
more consistent with a process of terminal investment.
Furthermore, the reported effects were not in any way al-
tered by the addition of a second maternal stress, imposed
by sleep deprivation.
A key prediction of our study was that we would con-
firm evidence for pathogen-associated transgenerational
plasticity, consistent with the results of a previous study
in D. melanogaster [19]. In that study, both mothers and
fathers of two different ages, and their daughters, were
subjected to a pathogen-challenge, consisting only of the
Gram-positive bacterium M. luteus, or a procedural
control. While control-treated daughters produced by
control-treated mothers exhibited the highest reproduct-
ive success, pathogen-challenged daughters performed
better if their mothers had likewise received the pathogen-
challenge than if their mothers had received the control.
However, the results we present here are discordant with
those previously observed, with pathogen-challenged fe-
male offspring born to control-treated mothers exhibiting
higher reproductive success than maternal-offspring com-
binations in which both parties received the control. A
key difference between the present study and the study of
Nystrand and Dowling (2014) is that here we used a mix
of both heat-killed Gram-negative and Gram-positive bac-
teria, in an attempt to maximize any potential effects on
the immune system by increasing the chances that both
the Imd and Toll pathways would be activated [38]. We
note, however, that while there is evidence that these im-
mune pathways can act synergistically [38, 70], this does
not necessarily translate to a stronger, additive immune
response. Nevertheless, it is conceivable that a more com-
plex pathogen challenge might incur a higher cost to the
host. In addition, this complexity could have been further
reinforced if the sleep deprivation treatment, indirectly,
accentuated the stress to the immune system,by activating
the highly-conserved JAK-stat pathway. The JAK-stat sig-
naling pathway, apart from being involved in development
and immune function in Drosophila (primarily activated
by septic injury) [38, 71–73], has recently also been im-
plied to play a role in controlling circadian rhythm by
driving rest-activity rhythms [74].
It is also possible that the primary difference between
this study and that of Nystrand and Dowling (2014b) is
simply a result of dose, given that the double challenge ad-
ministered here also meant that we injected a much
higher concentration of bacteria. Indeed, Nystrand and
Dowling (2014a) previously recorded a pronounced dose-
dependent effect on reproductive success in Drosophila
Table 1 Effect of pathogen- and sleep treatments on (a) female and (b) male offspring reproductive performance
a) Fixed effects df LRT Pr (>χ2)
Maternal sleep treatment 1 2.78 0.0955
Maternal pathogen treatment 1 0.00 1.0000
Offspring pathogen treatment 1 0.12 0.7290
Maternal pathogen treatment × Offspring pathogen treatment 1 5.54 0.0186
Random effects Variance
Parental vial (block) 0.0066
Maternal identity (Parental vial (block)) 0.0192
b) Fixed effects df LRT Pr (>χ2)
Maternal sleep treatment 1 0.02 0.8875
Maternal pathogen treatment 1 0.70 0.4028
Offspring pathogen treatment 1 0.34 0.5598
Random effects Variance
Parental vial (block) 0.0048
Maternal identity (Parental vial (block)) 0.0418
Log-likelihood ratios (LRT) and their associated p-values were generated by comparing the full and reduced models in a stepwise manner, by sequentially
removing non-significant terms. Final fit was confirmed by comparing AIC values between the null, reduced, and the full model (AIC > 2). Displayed are final
models (significant effects emboldened)
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[56]. Hence, we speculate that the increased effects associ-
ated with a double dose of bacteria (i.e. E. coli and M.
luteus) in the current study, might have been sufficient to
invoke a response more consistent with a scenario of ‘ter-
minal investment’, and as a result, override any adaptive
maternal pathogen-driven fitness effects. The fact that the
lowest reproductive success was attributable to control-
treated female offspring who were produced by control-
treated mothers supports this interpretation. Under a
scenario of terminal investment, an individual perceiving
an imminent threat to survival should reallocate their re-
sources to current reproduction at the expense of somatic
maintenance and survival [75–78].
To this point, we have only discussed the effects of re-
productive success in the focal female offspring. We
found no pathogen- or sleep-mediated transgenerational
effects on the reproductive success of sons. This
provides some evidence that the effects of pathogen-
mediated transgenerational interactions on offspring fit-
ness are sex-specific, and may disproportionately affect
the reproductive success of females. This contention,
however, requires further testing. While this is the first
study to specifically explore whether pathogen-mediated
transgenerational effects adaptively augment the repro-
ductive success of males in D. melanogaster (by using a
factorial design in which the pathogen treatments of
Fig. 2 Total number of eclosing offspring (raw means ± SE) produced by a) pathogen- and control-treated female offspring produced by
pathogen- or control-treated mothers, and b) pathogen- and control-treated male offspring produced by pathogen- or control-treated mothers
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mothers and their offspring were matched or mis-
matched across offspring sexes), we note that the repro-
ductive assay of male reproductive success adopted here
might less accurately reflect male reproductive potential
in nature relative to the female assay. We assayed male
reproductive success based on a male’s ability to success-
fully mate with one virgin female, and in the event of
doing so, the number of offspring that female went on
to produce. Thus, male reproductive success in this
assay is based on male pre-copulatory capacity to engage
a female in copulation, as well as post-copulatory vari-
ation in the quality of the male ejaculate, such as prote-
omic variation in the constitution of his reproductive
proteins, and the number and quality of his sperm trans-
ferred during copulation [79, 80]. While female repro-
ductive success is limited by the total number of ova she
can oviposit over a given period of time (in this assay, 4
d), male reproductive success can increase as a function
of the number of females he has access to [76]. Further-
more, male outcomes are likely to change when assayed
under conditions of sperm competition with rival males
[80] – a scenario that aligns with the natural mating
system of the species. Hence, it will be worthwhile to
further investigate the potential for adaptive transge-
nerational effects manifesting in males, using assays that
gauge male fertility outcomes under scenarios of mul-
tiple matings or reproductive competition.
A key goal of our study was to determine whether any
adaptive maternal effects mediated by a non-infectious
pathogen challenge would be further modified in response
to an additional stressor. We used sleep deprivation as an
inducer of stress, because it is known to upregulate a clus-
ter of immune genes involved in anti-inflammatory re-
sponses in D. melanogaster [41]. In fact, recent work has
established that many of the physiological responses and
genes involved in sleep, stress and immunity are related or
the same [41, 47, 49, 81–87]. We found no direct transge-
nerational effects of sleep deprivation on the reproductive
success of offspring, and nor did sleep deprivation interact
with the maternal or offspring pathogen treatment. We
note that our maternal sleep deprivation treatment was
applied on the night immediately prior to the mothers re-
producing. Thus, it did not represent a chronic sleep
stress treatment over many nights, but rather a short-term
but intense bout of sleep disruption. We also note that the
treated individuals in our study had access to ad libitum
food, which introduces the potential for compensatory
behavior by the flies to offset the effects of the sleep
deprivation. In particular, dietary conditions have been
shown to affect the outcome of sleep-deprivation in exper-
iments in both humans [88, 89] and rats [90].
Finally, the reported effects on reproductive success are
unlikely to be attributable to the effects of selection lead-
ing to differential mortality among either the pathogen-
treated mothers or pathogen-treated daughters relative to
the control-treated counterparts. Mortality levels follow-
ing the pathogen treatment were invariably low, and no
higher amongst mothers or offspring subjected to the
pathogen challenge relative to the controls. Thus, our re-
sults plausibly reflect true transgenerational interactions
tied to maternal effects.
Conclusions
We documented transgenerational interactions, involving a
maternal and an offspring challenge with a non-infectious
pathogen, on reproductive success. The observed effects
were detected in daughters only, and were not influenced
by an additional stress of sleep deprivation in the maternal
generation. Furthermore, the transgenerational interac-
tions were not consistent with an interpretation of
pathogen-mediated adaptive plasticity, but do provide
some preliminary support for a response mediated via
terminal investment. Indeed, when considering that this
study used a double challenge (whether caused by a
more complex response induced by stimulating both
main immune pathways, or the result of a simple dose-
effect introduced by the administration of higher con-
centrations of bacteria), relative to a previous study that
utilized only a Gram-negative bacterium, this raises the
possibility that there might well be a switch-point
above which terminal investment effects override those
of any potential pathogen-mediated adaptive transge-
nerational effects. These are research avenues that are
amenable to further experimental enquiry, using experi-
mental designs that incorporate dose-dependence and
multiple pathogens, of varying perceived pathogenicity
(heat-killed and live). Moreover, further exploration of
the mechanisms that underpin the pathogen-mediated
transgenerational interactions presented here would be
valuable, to disentangle whether the observed effects
are mediated by transfer of immune factors, a contro-
versial premise [91–93]; or alternatively via classic ma-
ternal effects, either condition-dependent and involving
reallocation of maternal resources following a challenge
with a pathogen, or via epigenetic effects. Such avenues
provide a natural extension of this research and an excit-
ing framework for further study into the regulation of
pathogen-mediated transgenerational effects, and how
such effects may be altered by context-dependence.
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